Diffusion tensor MRI (DT-MRI) provides information about the structural organization and orientation of white matter ®bres and, through the technique of tractography', reveals the trajectories of cerebral white matter tracts. We used tractography in the living human brain to address the disputed issue of the nature of occipital and temporal connections. Classical anatomical studies described direct ®bre connections between occipital and anterior temporal cortex in a bundle labelled the inferior longitudinal fasciculus (ILF). However, their presence has been challenged by more recent evidence suggesting that connections between the two regions are entirely indirect, conveyed by the occipito-temporal projection systemÐa chain of U-shaped association ®bres. DT-MRI data were collected from 11 right-handed healthy subjects (mean age 33.3 T 4.7 years). Each data set was co-registered with a standard MRI brain template, and a group-averaged DT-MRI data set was created.`Virtual' in vivo dissection of occipito-temporal connections was performed in the group-averaged data. Further detailed virtual dissection was performed on the single brain data sets. Our results suggest that in addition to the indirect connections of the occipito-temporal projection system: (i) a major associative connection between the occipital and anterior temporal lobe is provided by a ®bre bundle whose origin, course and termination are consistent with classical descriptions of the ILF in man and with monkey visual anatomy; (ii) the tractography-de®ned ILF is structurally distinct from ®bres of the optic radiation and from U-shaped ®bres connecting adjacent gyri; (iii) it arises in extrastriate visual`association' areas; and (iv) it projects to lateral and medial anterior temporal regions. While the function of the direct ILF pathway is unclear, it appears to mediate the fast transfer of visual signals to anterior temporal regions and neuromodulatory back-projections from the amygdala to early visual areas. Future tractography studies of patients with occipito-temporal disconnection syndromes may help de®ne the functional roles of the direct and indirect occipito-temporal pathways.
Introduction
The inferior longitudinal fasciculus (ILF), a white matter associative tract connecting the occipital and temporal lobes, was ®rst described in 1822 by the German neuroanatomist K. F. Burdach (Polyak, 1957) . Since its initial description, the ILF has been the subject of several studies with contrasting conclusions. Whilst some authors consider the ILF to be the major occipito-temporal associative tract (Dejerine, 1895; Crosby et al., 1962; Gloor, 1997) , others deny its existence (Putnam, 1926; Polyak, 1957; Tusa and Ungerleider, 1985) . For example, using blunt dissection in human and monkey brains, Tusa and Ungerleider (1985) were unable to demonstrate long associative ®bres interconnecting occipital and anterior temporal lobes distinct from those of the optic radiation. They concluded that`Burdach's ILF is nothing more than a portion of the geniculo-striate pathway that has been mislabelled'. Furthermore, their autoradiographic experiments indicated that`the pathway from the occipital to the temporal cortex in monkeys consists of a series of U ®bres that course beneath the cortical mantle to connect adjacent regions in striate, pre-striate, and inferior temporal cortex'. They suggested that, like the monkey, the occipital and anterior temporal lobes in man are connected indirectly through a series of U ®bres passing visual signals from one area to the next in a series of hierarchical steps. They also proposed that the term ILF be replaced with the term occipito-temporal projection system' (Tusa and Ungerleider, 1985) .
While the anatomical evidence for an ILF is disputed, over the last century, several neuropsychological syndromes have been attributed to a disruption of speci®c ®bre connections between visual and temporal cortex. These syndromes include: associative visual agnosia (for a review see Jankowiak and Albert, 1994) , prosopagnosia (Benson et al., 1974; Meadows, 1974) , visual amnesia (a de®cit of registering novel visual experiences in short-term memory with the preserved ability to register novel, non-visual experiences; Ross, 1980) and visual hypo-emotionality (a de®cit of visually evoked emotions with preserved emotional responses to non-visual stimuli; Bauer, 1982; Habib, 1986; Sierra et al., 2002) . (For an extensive review of visual disconnection syndromes see Geschwind, 1965a,b; Girkin and Miller, 2001.) Common to them all is the idea that the transection of ®bres transferring signals from`visual' areas to`emotional' and`memory' areas results in a visually speci®c semantic, emotional or memory de®cit. Advances in noninvasive functional imaging and the doctrine of functional specialization have led to a re-interpretation of some of these syndromes in terms of damage to specialized cortical modules, e.g. prosopagnosia with lesions of face-specialized cortex (Sergent et al., 1992) . However, there remain some for which the de®cit seems better explained by a disconnection than a loss of specialized cortex (e.g. visual amnesia and visual hypo-emotionality). Often these syndromes follow widespread occipito-temporal lesions that extend into underlying white matter and, consequently, could equally relate to Tusa and Ungerleider's occipito-temporal projection system as to a direct ILF connection. However, in some rare examples, the disconnection follows lesions that spare the indirect occipito-temporal projection system. For example, in one of the visual amnesia cases described by Ross (1980) , occipito-temporal cortex and U-shaped ®bres were largely unaffected, the critical lesion being a small infarct, posterior and inferior to the occipital horn of the left lateral ventricle, the classical location of the ILF.
Although the neuropsychological evidence for a direct (as opposed to indirect) connection between occipital and anterior temporal lobes is limited, another line of evidence suggests that such a pathway is present in the human brain. Wilson et al. (1983) found some cells in the parahippocampal gyrus that responded to visual stimuli at a latency of 47 ms, only 2 ms after cells in the occipital lobe. Other cells in the same region responded with a latency of 200 ms. The 2 ms latency difference is consistent with a direct pathway from occipital to parahippocampal cortices, but is too short to re¯ect a multisynaptic pathway through several visual areas. The latency evidence is thus suggestive of two pathways connecting occipital and anterior temporal regions: a direct short-latency pathway and an indirect long-latency pathway.
The neuropsychological and neurophysiological evidence thus raises the question of whether Tusa and Ungerleider's dismissal of the ILF was premature. Might the classical anatomists have been correct in describing a direct connection between occipital and anterior temporal regions? A recent development in neuroimaging, tractography, seemed a promising tool with which to explore this issue. MR tractography (Basser, 1998; Jones et al., 1998 Jones et al., , 1999 Mori et al., 1998 Mori et al., , 1999 Conturo et al., 1999; Basser et al., 2000; Parker et al., 2002; Poupon et al., 2000) is based on diffusion tensor MRI (DT-MRI) (Basser et al., 1994) and allows white matter neuroanatomy to be studied non-invasively in the living human brain.
The aim of tractography is to reconstruct the 3D trajectories of white matter tracts, by following a continuous path of greatest diffusivity (i.e. least hindrance to diffusion) through the brain from one region to another. We recently used virtual in vivo interactive dissection (VIVID) tractography to elucidate the 3D morphometry of the major white matter fasciculi within the living human brain (Catani et al., 2002) . Our results demonstrate that virtual tract maps obtained using VIVID are faithful to the classical descriptions of white matter tracts that have been documented previously by more invasive means. Furthermore, in a previous study, we demonstrated the possibility of performing tractography on a population-averaged diffusion tensor data set (Jones et al., 2002a) , and showed a`summary' tractography result for a group of subjects, i.e. a map that summarizes the trajectories of the major white matter pathways, as seen by DT-MRI, within a group of subjects, emphasizing anatomical features common to each subject of the group. Given these previous results, tractography seemed a promising tool with which to explore the neuroanatomy of occipito-temporal connections in the human brain with the speci®c aim of establishing support for the presence or absence of an inferior longitudinal fasciculus and, if present, of describing its detailed neuroanatomy as revealed by tractography.
Method

Data acquisition
Eleven, right-handed, healthy male volunteers (mean age 33.3 T 4.7 years) were enrolled in this study according to the following criteria: (i) age range between 25 and 40 years; (ii) no previous history of head injury; (iii) no history of neurological or psychiatric disorders; (iv) no current psychotropic medication; and (v) diabetes and chronic hypertension excluded. The study was approved by the Institute of Psychiatry research ethics committee and all the subjects gave informed consent. DT-MRI data were acquired from a 1.5 T GE Signa LX system (General Electric, Milwaukee, WI) with 40 mT/m gradients. The acquisition was gated to the cardiac cycle using a peripheral gating device placed on the subjects' fore®nger. A multislice peripherally gated echo-planar imaging (EPI) acquisition sequence, fully optimized for DT-MRI of white matter, was used, providing isotropic resolution (2.5 mm Q 2.5 mm Q 2.5 mm) and coverage of the whole head (Jones et al., 2002b) . Sixty contiguous near-axial slice locations with isotropic resolution were acquired for each subject with an echo time of 107 ms and an effective repetition time of 15 R±R intervals. The duration of the diffusion-encoding gradients was 17.3 ms, giving a maximum diffusion weighting of 1300 s/mm 2 . The total data acquisition time was~14 min. Full details of the data acquisition are provided in Jones et al. (2002b) . Following correction for image distortions introduced by the application of the diffusion-encoding gradients, the diffusion tensor was determined in each voxel following the method described by Basser et al. (1994) . The fractional anisotropy , a measure that quanti®es the degree of tissue ordering within each voxel on a scale from 0 to 1 (with a high value corresponding to structures being highly aligned within the voxel), was computed within each voxel.
Spatial normalization and averaging of diffusion tensor MRI data sets
In order to obtain a group-averaged DT-MRI data set in a standard anatomical reference space, a template DT-MRI data set was generated in a standard anatomical space by coregistering with a T 2 -weighted EPI template included as part of the functional imaging analysis software package SPM99 (statistical parametric mapping; Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK). One subject was identi®ed from the group of 11 subjects, whose age was close to the mean age of the remaining 10 subjects (age of eleventh subject = 33 years, mean age of remaining 10 subjects = 33.3 years), and his data set was used to create the DT-MRI template. The computed T 2 -weighted volume data set obtained as part of the diffusion tensor ®tting procedure was masked from the background signal using a brain extraction procedure described in Jones et al. (2002a) . The data were then imported into SPM99 and the`Spatial Normalisation' feature used to co-register this T 2 -weighted volume with the T 2 -weighted volume template supplied in SPM, using an af®ne transformation with 12 degrees of freedom (Friston et al., 1995a,b) . The af®ne transformation matrix thus obtained was then applied to the fractional anisotropy volume data set of this subject to create a`target' fractional anisotropy data template in a standard reference space. Each of the remaining 10 subject's data sets was coregistered (using an af®ne registration with 12 degrees of freedom) to the target fractional anisotropy volume using the approach described by Alexander et al. (2001) . This approach employs the AIR (automated image registration) package (Woods et al., 1998a,b) for co-registration, and the computed transformations thus obtained were applied to the DT-MRI volumes using the Preservation of Principal Directions algorithm (Alexander et al., 2001) , which has been shown to reorient each tensor correctly under non-rigid transformations. The fractional anisotropy volumes were used for co-registration. Following co-registration into a common reference space, a mean of the 10 diffusion tensors in each voxel was computed (Jones et al., 2002a) to produce a mean diffusion tensor volume data set.
Tractography
The software for estimating and reconstructing the trajectories of tracts from DT-MRI data was written in the`C' programming language. A set of locations for the initiation of the tracking algorithm (referred to here as`seedpoints') was ®rst selected on the fractional anisotropy images. For each of these seedpoints, the orientation of the diffusion tensor was estimated. The tracking algorithm then moved a distance of 0.5 mm along this direction. The diffusion tensor at this new location was determined from a continuous description of the tensor ®eld and its orientation subsequently estimated. The algorithm then moved a further 0.5 mm along this direction. A pathway was traced out in this manner until the fractional anisotropy of the tensor fell below an arbitrary threshold (set to 0.20 in this case). The procedure was then repeated by tracking in the opposite direction to the ®rst step at the seedpoint, in order to reconstruct the whole tract passing through the seedpoint (Basser et al., 2000) . A three-dimensional representation of the pathways was then generated by creating a set of polygons with circular crosssection, and ®xed radius, to connect up the points, using MATLAB (Catani et al., 2002) .
Virtual dissection of occipito-temporal connections
To virtually dissect the white matter tracts of the occipital and temporal lobes, a two region of interest (ROI) approach was used, such that only those trajectories passing through both regions were retained for the analysis (Catani et al., 2002) . The ROIs were selected by using classical neuroanatomical works (Dejerine, 1895; Ludwig and Klingler, 1956) , and standard textbooks (Crosby et al., 1962; Nieuwenhuys et al., 1988) as a reference. Using the methods described below, the following white matter tracts were virtually dissected: (i) the visual pathway from post-chiasmic optic tract to optic radiation (including the temporal loop); (ii) splenial ®bres terminating in occipital cortex; (iii) candidate inferior longitudinal fasciculus ®bres; and (iv) U-shaped association ®bres.
Visual pathway
To dissect the visual pathway, three different ROIs were de®ned. A central ROI around the lateral geniculate nucleus Anatomy of occipito-temporal tracts(LGN), a second ROI in the white matter of the optic tract and a third ROI in the white matter of the occipital lobe. The ®rst and second regions were used to visualize the ®bres of the optic tract and the ®rst and third region to visualize the optic radiations.
Splenial ®bres
A two ROI approach was used to dissect the splenial ®bres of the corpus callosum connecting the medial cortex of left and right occipital lobes. One region was located in the forceps major of the left hemisphere, and the other in the forceps major of the right hemisphere. The splenial ®bres provided a reference point from which to compare the anatomical relationships of the visual pathways and ILF.
ILF
We used a two ROI approach to dissect candidate ®bres for the ILF. The ®rst ROI surrounded the white matter of the anterior temporal lobe (see Fig. 1 for ROIs). The posterior border of this region was de®ned by the anterior extent of the ®bres of the temporal loop and the inferior extent of the ®bres of the inferior fronto-occipital fasciculus to avoid inclusion of these bundles. The second ROI was de®ned around the white matter of the occipital lobe.
U-shaped ®bres
To dissect U-shaped ®bres, a single ROI was placed along the lateral surface of the temporal lobe in a single brain data set. We found that by restricting the seedpoints to the lateral-most white matter, the tractography algorithm only reconstructed U-shaped ®bres. A single brain was used, as individual variations in gyri®cation mean that U-shaped ®bres from each subject are not superimposed in Talairach space and, although present in the individual brains, do not appear in the average DT-MRI data set (Jones et al., 2002a) .
The tractography-de®ned trajectories of white matter were displayed as 3D objects, intersecting horizontal slices through the fractional anisotropy volumes, allowing us to examine their origin, course and termination with reference to recognizable anatomical structures. This procedure was used for both average brain and single brain data sets. The average brain was used to examine anatomical features common to all the subjects in the group. The Talairach coordinates of the origin and termination branches of the ILF were used to assign functional labels by comparison with previous functional imaging studies. Since anatomically variable features such as the distal portions of ILF branches are lost in the averaging method (see Discussion), the exact cortical destinations of the ®bres are only approximate, being inferred from the position and orientation of the average branch end points. Furthermore, since diffusion anisotropy in the cortical region is very low , it is impossible to track reliably into the cortex itself. Single brain data sets were used to examine the detailed anatomy of ILF branches and of U-shaped ®bres.
Results
Our tractography dissections provide support for a ®bre bundle connecting occipital and anterior temporal regions, distinct from the optic radiation and from U-shaped association ®bres. Figs 2±4 show the visual pathway, splenial and occipito-temporal ®bre bundles in the average data set, displayed in different colours. Below, we describe the detailed neuroanatomy of each virtually dissected ®bre bundle.
Visual pathway
As the optic nerve ®bres leave the chiasm (not shown in the ®gures) and enter the optic tract, they describe an`italic s' shape ( Fig. 3) and terminate in the antero-ventral portion of the LGN. With the image resolution employed in this study, the voxel-averaged anisotropy of grey matter is low and, hence, in our data sets, it is not possible to visualize grey matter nuclei directly. However, by following the distribution of terminating ®bres, it is possible to de®ne approximately the shape of the area corresponding to the LGN. This beanshaped space has been de®ned by the dotted line in Figs 2±4 . The ®bres of the optic tract enter the LGN antero-ventrally, whilst the ®bres of the optic radiation leave the LGN from its posterior dorso-lateral surface. The ®bres of the geniculocalcarine tract divide into two bundles: a ventral temporal loop and a dorsal optic radiation. Although these two bundles originate from the same region of the LGN, their origin is slightly different, the ®bres of the dorsal optic radiation arising dorsally to those of the temporal loop (Fig. 4) . The small temporal loop bundle passes below the dorsal optic radiation ®bres and projects forward and laterally towards the temporal pole. After a short run, the temporal loop describes a sharp arc around the temporal horn of the lateral ventricle and continues backward towards the occipital pole where it terminates in the lower calcarine lip. As the ®bres of the dorsal optic radiations leave the LGN, they assemble into a thick, compact lamina and, after a short lateral course, bend posteriorly towards the occipital pole, terminating in the upper calcarine lip.
ILF
We were able to identify a ®bre bundle distinct from that of the temporal loop of the optic radiation, connecting posterior occipital with anterior temporal regions (Figs 2±4). The origin, course and termination of this bundle are shown in Figs 5±8 , with the Talairach coordinates for the branches given in Table 1 . The terms origin and termination are used for convenience only, as the DT-MRI method is blind to whether the ®bres represent feed-forward or feed-backward connections. The occipital branches of the ILF arise in extrastriate cortical regions on the dorso-lateral surface of the occipital lobe, ventro-medially from the posterior lingual gyrus and fusiform gyri and dorso-medially from the cuneus (Fig. 5) . The cuneal branch is less apparent in the average brain, but a bifurcation of the dorsal stem into medial and lateral branches is clearly visible. The branches run forward, parallel to the ®bres of the splenium and optic radiation and, at the level of the posterior horn of the lateral ventricle, gather in a single bundle (Fig. 6 ). In the anterior temporal lobe, the branches pass to the superior, middle and inferior temporal gyri on the lateral surface of the temporal lobe and medially to the uncus/parahippocampal gyrus close to the amygdala and hippocampus (Figs 5±7) . No long ®bres were identi®ed with an origin in the calcarine ®ssure. An important observation was that the ILF was distinct from the U-shaped ®bres connecting adjacent gyri and forming the occipitotemporal projection system, i.e. the chain of indirect connections between occipital and temporal lobes (Fig. 8) . 
Discussion
We used tractography to visualize occipito-temporal connections within the living human brain. Previous studies have questioned the existence of a ®bre bundle connecting occipital and anterior temporal lobes directly, arguing that such ®bres represent an anatomical artefact, the mislabelled ventral portion of the optic radiation, and that occipitaltemporal connections are indirect. Our tractography results are consistent with an occipito-temporal pathway distinct from that of the optic radiations and from the U-shaped projection system. Below we argue that the close correspondence between the tractography-de®ned anatomy in our study, the anatomy of the monkey visual system and classical anatomical descriptions is strongly suggestive of the existence of an ILF in man.
Historical context
The origin, course and termination of our tractographyde®ned optic radiation match previous descriptions from classical post-mortem neuroanatomical works (Dejerine, 1895; Ludwig and Klingler, 1956 ) and standard textbooks (Crosby et al., 1962; Nieuwenhuys et al., 1988; Gloor, 1997) . For example, the tractography-de®ned details of the termination of the optic tract ®bres in the antero-ventral aspect of the LGN were consistent with previous well-documented descriptions (Polyak, 1957) . We have also been able to reproduce the origin of the ®bres of the optic radiation and to distinguish the ventral temporal and dorsal optic radiations with their terminations in the superior and inferior banks of the calcarine cortexÐthe cortical representations of the inferior and superior quadrants of the contralateral visual ®eld (Inouye, 1909; Holmes, 1945; Horton and Hoyt, 1991a) . The optic radiations were ®rst described in 1856 by Gratiolet, but it was Flechsig who, 40 years later in 1896, ®rst called attention to the peculiar course of the ventral ®bres of the optic radiation. He named the sharp turn made by the ventral optic radiation the`temporal knee',`temporal detour' or temporal loop'. The ventral pathway was studied subsequently by several authors, and its discovery was attributed erroneously by some investigators to A. Meyer and to H. Cushing. For this reason, it has been suggested the term Meyer's loop' be replaced with`Flechsig±Meyer's loop' (for a historical review see Polyak, 1957) . Using in vivo tractography, we demonstrated long associative ®bres connecting occipital and anterior temporal lobes in human brains. The tractography-de®ned ®bres are entirely consistent with previous anatomical descriptions of the ILF (Dejerine, 1895; Ludwig and Klingler, 1956; Crosby et al., 1962; Nieuwenhuys et al., 1988) . First, in both the classical anatomical descriptions and our tractography results, ®bres originate in extrastriate visual`association areas' of the occipital lobe, sparing the primary visual cortex. Crosby et al. (1962) describe three branches of origin: a lingual branch, a lateral occipital branch and a cuneal branch, all of which were identi®ed in our tractography study. Secondly, our DT-MRI data show the ILF to be distinct from the ®bres of the Fleschig±Meyer loop. At the occipital horn of the lateral ventricle, the ILF ®bres run laterally to the optic radiation and callosal (tapetal) ®bres, the three bundles corresponding to the external, intermediate and internal sagittal strata of Sachs (Dejerine, 1895; Crosby et al., 1962; Nieuwenhuys et al., 1988) . Thirdly, in the anterior temporal lobe, both the classical anatomical and tractography-de®ned ®bres terminate in lateral and medial temporal areas. Crosby et al. (1962) describe lateral temporal branches to superior, middle and inferior temporal gyri and medial branches to the parahippocampal gyrus, the same distribution found in our average and single subject DT-MRI data sets. The correspondence of our tractography-de®ned ILF origin, course and termination with classical anatomical descriptions cannot be accounted for by a priori constraints imposed by our ROI method, and provides strong supportive evidence for the existence of an ILF in man.
Comparison with non-human primate anatomy
The neuroanatomy of the human visual system is less well characterized than that of non-human primates (Crick and Jones, 1993) . The macaque visual system consists of multiple map-like areas, each specialized for different visual attributes, connected by feed-forward and feed-back pathways (Zeki and Shipp, 1988; Felleman and Van Essen, 1991) . These areas form an approximate hierarchy based on the pattern of connectivity (an area is lower in the hierarchy from that to which it sends feed-forward connections and higher in the hierarchy than that from which it receives feed-forward connections). Taken together, the connected areas form extended pathways, one passing to the temporal lobe specialized for the processing of visual objects (the ventral stream) and the other to the parietal lobe specialized for the processing of spatial location (the dorsal stream) (Mishkin et al., 1983) . The primary visual receiving area, the striate cortex (V1), is situated in monkey and man at the occipital pole extending along the medial surface of the occipital lobe and, to a varying degree in man (Brindley, 1972) and more consistently in the monkey, to the lateral occipital surface. Beyond V1, further consistencies between the monkey and human visual system have been found in the specializations of cortical visual areas for different visual attributes, e.g. The ®bres are co-registered on coronal slices of the average DT-MRI brain (the slice locations are indicated in the sagittal section at the top of the ®gure). The top pair of images relates to the average brain, the bottom pair to the single subject brain. In the occipital lobe, the ILF originates from the dorso-lateral occipital cortex (green arrowhead), cuneus (blue arrowhead), posterior lingual and fusiform gyri (yellow arrowhead). The terminal branches are not as well de®ned in the average as in the single brain, although it is possible to recognize a similar distribution of the ®bres. STG = superior temporal gyrus; MTG = middle temporal gyrus; ITG = inferior temporal gyrus; U-HG = uncus/ parahippocampal gyrus; LG = lingual gyrus; FG = fusiform gyrus; DLOC = dorso-lateral occipital cortex. colour (V4) and motion (V5) (Zeki et al., 1991) . Our results suggest further that these inter-species consistencies extend to white matter tracts, as we found striking similarities between the occipito-temporal connections identi®ed by DT-MRI in man and those described in the monkey. Like Tusa and Ungerleider (1985) and Kuypers et al. (1965) , the former using autoradiographic injections and the latter using lesions of pre-striate cortex, we found no evidence for direct connections between the striate cortex and the anterior temporal lobe, although the possibility that a few ®bres connect these regions cannot be excluded due to the limited resolution of DT-MRI. In the monkey studies, the main projection to the ventro-lateral surface of the temporal lobe is from V4, an area that also projects to the parahippocampal gyrus (Martin-Elkins and Horel, 1992) . Furthermore, the amygdala sends back-projections to V4 and V2 (Amaral and Price, 1984; Iwai and Yukie, 1987) . Our method is blind to whether individual branches of the ILF are feed-forward, feed-back or mixed; however, we found a pattern of connectivity in our tractography-de®ned ILF consistent with the connectivity predicted by monkey studies. The ventral fusiform branch of the ILF falls within the coordinates of Fig. 6 The ®bres of the ILF in a single brain have been co-registered with axial fractional anisotropy slices (the slice locations are indicated in the sagittal section at the top left of the ®gure). (a±c) In the occipital lobe, the ILF originates from the lateral occipital cortex (green arrowhead), cuneus (blue arrowhead), posterior lingual and fusiform gyri (yellow arrowhead). The ®bres run anteriorly and, as they reach the posterior horn of the lateral ventricle (*), are gathered in a single bundle. The ILF continues along the major axis of the temporal lobe lateral to the lateral ventricle (**). (d and e) In the anterior temporal lobe, the ILF projects laterally to superior, middle and inferior temporal gyri, and medially to the parahippocampal gyrus and amygdala. DLOC = dorso-lateral occipital cortex; HG = parahippocampal gyrus; TP = temporal pole.
human V4 (McKeefry and Zeki, 1997) and connects to lateral temporal and medial temporal parahippocampal regions, as does V4 in the monkey. Although the prediction of the monkey studies would be a series of branches along the ventro-lateral aspect of the temporal lobe, our method ignores such branches, restricting ®bres to those connecting our a priori ROIs. It would seem likely, therefore, that, in addition to the lateral temporal branches identi®ed anteriorly, further lateral branches arise along the entire extent of the ILF.
With regards to the branch of the tractography-de®ned ILF in the region of the amygdala, monkey studies predict feedback connections from amygdala to V2 and V4 (Iwai and Yukie, 1987 ; sparse back-projections to V5 and V1 were also identi®ed, but the limited number of ®bres involved makes it unlikely that they would be detectable using DT-MRI). In man, V2 is located on the lingual gyrus, cuneus and lateral surface of the occipital lobe (Horton and Hoyt, 1991b; Sereno et al., 1995) , showing a perfect correspondence with the locations of the tractography-de®ned occipital ILF branches. Like the feed-forward projections from monkey V4 described above, back-projections from the amygdala pass to lateral temporal cortical areas that would not have been identi®ed using our ROI method. A connection between V4 and the medial temporal lobe has already been described above and is consistent with a back-projection to V4 from the amygdala. Based on the monkey data, we would predict the V4 branch of the ILF to carry feed-forward connections to the parahippocampal gyrus and feed-back connections from the amygdala.
The ILF as an anatomical artefact?
The existence of an ILF has been disputed by some researchers who have argued that it represents the ventral portion of the geniculostriate pathway (Putnam, 1926; Polyak, 1957; Tusa and Ungerleider, 1985) . Tusa and Ungerleider (1985) , using blunt dissection in human and monkey brains, found:`¼.a single ®bre bundle from occipital to temporal cortex¼..which when viewed in coronal sections corresponds to the ventral portion of the external sagittal stratum in the occipital lobe and to the entire external sagittal stratum in the temporal lobe¼..'. They conclude that:`¼.the external sagittal stratum has been shown repeatedly to contain the geniculostriate pathway. Our data are therefore consistent with previous anatomical work suggesting that Burdach's ILF is nothing more than a portion of the geniculostriate pathway that has been mislabelled. Speci®cally, this ®bre bundle corresponds to the ventral portion of the geniculostriate pathway in the occipital lobe and to Meyer's loop in the temporal lobe¼...'. We argue that the location of a set of ®bres in the external sagittal stratum need not imply that they belong to the optic radiations. Our results agree with Tusa and Ungerleider in apportioning occipito-temporal ®bres to the external sagittal stratum. Where they differ is in our virtual dissection of a ®bre bundle distinct from that of the optic radiation. The bundle is unlikely to represent an anatomical anomaly as it is derived from an average DT-MRI data set and therefore re¯ects anatomical features consistent across subjects. While post-mortem dissection, such as performed by Fig. 7 Reconstruction of the ILF in the average DT-MRI data set. The long ®bres originate from extrastriate areas of the occipital lobe and terminate in lateral temporal cortex and medial temporal cortex in the region of the amygdala and parahippocampal gyrus.
Tusa and Ungerleider, must remain the de®nitive standard against which`virtual' tractography is compared (see below), the fact that, for much of their course, the tractographyde®ned ILF and the Flechsig±Meyer loop run adjacent to one another would make their dissection in post-mortem brains a particularly dif®cult task. We would argue that the ILF and optic radiations are easy to confuse but, nevertheless, represent distinct pathways.
Methodological issues
While post-mortem and autoradiographic techniques can trace white matter tracts directly, DT-MRI tractography reconstructs virtual white matter pathways by following pathways of high diffusivity. Consequently, as discussed by other authors , DT-MRI tractography can, at best, only suggest the presence of white matter pathways that may or may not correspond to true anatomical connections. This aspect of the technique is especially relevant to situations where a priori knowledge of white matter neuroanatomy is limited or there are con¯icting results. Although DT-MRI previously has produced results that are strikingly similar to post-mortem anatomical studies (Catani et al., 2002) , all DT-MRI tractography results should be considered as preliminary since, to date, no studies have validated in vivo tractography with post-mortem tracing methods. The fact that our dissections were`virtual' raises the question of whether or not the direct occipito-temporal connections we described are themselves artefactual. However, we do not feel this to be the case. Our ROI method was not tightly constrained a priori to be consistent with the classical anatomical or monkey literature, and yet the reconstructed trajectories still closely matched those of the early anatomical descriptions (Dejerine, 1895; Crosby et al., 1962; Gloor, 1997) . Particularly striking was the fact that we did not artefactually reconstruct any ®bre connections to V1 Fig. 8 The ILF (green) and U-shaped ®bres (red) of the right hemisphere in a single brain data set. U-shaped ®bres are located laterally to the ILF and connect the adjacent gyri of the lateral occipitotemporal cortices to form the occipito-temporal projection system. or the anterior temporal pole, which is in accord with both classical anatomical and the monkey literature. A limitation of tractography is the incomplete representation of ®bre bundles. For example, we have already noted that our ILF description excludes branches passing to the lateral temporal lobe. By using a two ROI approach, we display only ®bres connecting our two a priori regions. The exclusion of the lateral temporal cortex from our ROI was reasonable given that the primary aim of the study was to establish the presence or absence of direct connections between occipital and anterior temporal regions. A further consideration is that, in the study reported here, we used a novel`average' DT-MRI method which has not been validated extensively, although we have shown in a previous study that anatomically plausible descriptions of white matter fasciculi can be identi®ed (Jones et al., 2002b) . In that study, DT-MRI tractography identi®ed centrally located fasciculi, referred to as the`stems' by earlier workers (Makris et al., 1997) , which were consistent between the mean and individual data sets and with previous anatomical studies, suggesting that the method produces anatomically valid results. While the advantage of the averaging method is that anatomy common to all subjects is highlighted, thus identifying the most salient anatomical features, its disadvantage is that it is blind to features with a high degree of variability (e.g. U-shaped ®bres, terminal branches of tracts or anatomical features in small structures). The mean tractography results are less representative of the individual data sets in anatomically variable regions than in anatomically invariant regions (Jones et al., 2002a) . Our inability to follow terminal branches in the average brain means that we are only able to infer their ®nal cortical destinations from the location and orientation of the average tract end points. However, the inferred destinations are entirely consistent with the terminal ®bres identi®ed in our single brain tractography dissections, giving us con®-dence in their validity.
Recall that the white matter trajectories were reconstructed iteratively by stepping a small distance parallel to the estimate of ®bre orientation at a point. The ®bre orientation at the new point subsequently was estimated and the stepping procedure repeated. It has been shown that the uncertainty in ®bre orientation is spatially inhomogenous throughout the brain and, even within white matter, varies considerably from point to point (Jones, 2003) . Consequently, the`reliability' of the reconstructions of trajectories (formed from successive estimates of ®bre orientation) passing through different parts of the white matter will be variable. The tractography algorithm used in the present study, however, did not incorporate this information and, as such, all reconstructions were deemed equally likely. Quanti®cation of the uncertainty in ®bre orientation is indeed possible (Jones, 2003) , and this information potentially could be incorporated into tractography algorithms to assign`con®dence' to a tract. However, additional scan time is necessary to acquire this information (at least twice the scan times used here). The present study was a post hoc analysis of data acquired for a previous study (Jones et al., 2002a) during which the additional scanning necessary for obtaining information on the uncertainty in ®bre orientation was not performed. Studies collecting suf®cient data and development of algorithms that will incorporate this information are currently underway.
Functional signi®cance of the ILF and its associated clinical syndromes
The correspondence of classical anatomical descriptions, the known connections of the monkey visual system and the anatomy of our tractography-de®ned pathway provides convincing evidence for the existence of an ILF in man. The implication is that, in addition to the serial, hierarchical pathway from occipital to anterior temporal regions through U-shaped ®bre connections, signals pass directly to the parahippocampal gyrus and lateral temporal lobe from V4 and return directly from the amygdala to V4 and V2. The direct feed-forward connection from V4 to the parahippocampal gyrus provides an explanation for the short-latency parahippocampal single-cell responses in man described by Wilson (1983) . In that study, the onset latency of some parahippocampal gyrus cells differed from those in the occipital cortex by 2 ms, a difference too small to be caused by multisynaptic transmission through the U-shaped ®bre occipito-temporal projection system. In fact, other cells were found in the same region with latencies of 200 ms, consistent with multistage hierarchical transmission. The implication of the latency ®ndings is that there are two pathways by which signals reach the parahippocampal gyrus, an indirect longlatency pathway and a direct short-latency pathway. We would argue that the former corresponds to the occipitotemporal projection system and the latter to the ILF. These parallel inputs to the parahippocampal gyrus are analogous to those found in the visual motion system. Here area V5 is activated with a short latency through a direct pathway from the LGN or tecto-pulvinar system and an indirect pathway passing through V1 and V2. The direct LGN or tectopulvinar®V5 pathway is associated with a short-latency activation of V5, and the indirect LGN®V1®V2®V5 pathway with a long-latency one (ffytche et al., 1995, 1996) .
What functions might be served by direct occipitotemporal (and temporo-occipital) pathways and how do they differ from those of the indirect pathway? The question is not easy to answer, as case reports of occipito-temporal disconnection syndromes typically involve lesions of white matter and occipito-temporal cortex, transecting both the indirect occipito-temporal projection system and direct connections in the ILF. One clue may be provided by the patient described by Ross (1980) with a lesion apparently restricted to the direct pathway. The patient was unable to learn novel, non-verbalizable visual stimuli, despite the fact that visual information was able to reach his medial temporal structures through the indirect pathway. Perhaps one function of the direct pathway is to prime medial temporal structures to facilitate the consolidation of visual memories, although it should be noted that the patient's de®cit could also be attributed to a laterality effect (a relative de®ciency of the left anterior temporal lobe for spatial compared with verbal memory tasks; see, for example, Kimura, 1963) . Whatever the function of the feed-forward direct projection, the direct feed-back projection is easier to interpret. Once the emotional valence of a visual stimulus has been identi®ed, it would seem reasonable to assume that signals will be fed back directly to early visual areas, enhancing the visual processing of emotionally signi®cant stimuli. In support of this view, recent imaging studies have found neuromodulatory effects of the amygdala on extrastriate visual cortex (Morris et al., 1998; Pessoa et al., 2002) , and psychophysical studies have identi®ed an equivalent modulatory effect of emotional content on visual perceptual processing (Anderson and Phelps, 2001 ). Future tractography studies of patients with occipito-temporal disconnection syndromes may help clarify the functions of the direct ILF pathway and determine how they differ from those of the indirect occipito-temporal projection system.
Conclusion
Our tractography results provide evidence in support of a direct connection from extrastriate occipital cortex to anterior temporal structures in addition to the indirect connections of the occipito-temporal projection system. The ®bre bundle is distinct from Fleschig±Meyer's loop of the optic radiation and from U-shaped ®bres connecting adjacent gyri, compatible with classical anatomical descriptions of the ILF and studies of the monkey visual system. The tractography results show occipital branches related to areas V2 and V4 and anterior temporal branches related to the lateral temporal cortex, parahippocampal gyrus and amygdala. The connections allow direct, fast access of visual information to anterior temporal structures and from anterior temporal structures to the occipital lobe.
